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ENGINEERING DEVELOPMENT ESTABLISHMENT

SKID STEERING OF WHEELED AND TRACKED VEHICLES -

ANALYSIS WITH COULOMB FRICTION ASSUMPTIONS

{TASK ARM 82/008)

By
A.P. CREEDY

SUMMARY

Fxisting theoretical procedures for analysi{s of skid steering of
wheeled and tracked vehicles have been extended to consider the interaction
of forces generated for skid steering with the vertical loads carried at
each wheel of the vehicle,

The developed theory has been organised into a system for
numerical calculations of skid steering performance, which has been used to
compare the predicted skid steering performance of a 6 x 6 wheeled vehicle,
a B8 x 8 wheeled vehicle and a tracked vehicle with 12 road wheels,

The results indicated that the wheeled vehicles require greater
'track speed' difference and power input to maintain a steady turn than the
tracked vehicle, and that the tracked vehicle can be expected to maintain
its ability to steer over a wider range of slope angles and slope heading
angles, than the wheeled vehicles, The 8 x 8 wheeled vehicle considered
did not appear to offer any significant advantage, in terms of steering
performance, over the 6 x 6 vehicle,

The results of the slope steerability calculations and, in the
case of the 6 x § vehicle, comparison of calculated results with
experimental data, indlcated limitations to the developed theory which
require further work to resolve.
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GLOSOARY PRINCIPAL USE OF SYMBOLS

Non dimensional lateral (measured at right angles to vehicle
centreline) coordinates of track ICRs relative to ground,

Non dimensional -longitudinal (measured along vehicle
centrelinn) coordinate of track ICHRs relative to ground,

Lateral coordinates of wheel/ground contact points, measured
from vehicle centreline,

Lateral coordinate of CG measured from vehicle centreline.

Deflection of suspension of Ith wheel from position at which
zero force Wi(l) i3 developed.

Suspension deflection when radlus arm angle is T7,

Longitudinal component of vehicle weight acting through CG.
Longitudinal fnertia force acting through CG.
Sum of D7 and DB.

Deflection of origin of chassis coordinate system from a
position corresponding to zero deflection of each wheel

vsuspension

Longitudinal forces generated at the Ith wheel/ground contact
point.

Track tension (tracked vehicles only;.

Longitudinal forces generated during sliding by entire 'row'
of uheel/ground contact point,

Slope heading angle.

Roll angle of chassis, relative to ground,

‘Height of CG above ground.

Subscript used to label properties associated with the Ith
wheal of an N-wheeled vehicle.

Subscrlpt used to label properties associated with the left
(J = 1) or right (J = 2) side of the vehicle,

Subscript used to label properties associated with the Kth
pair of wheels of an N-wheeled vehicle, X = 1 denoting the
front wheels,

Suspension deflection due to adjuatment of suspension medium
avay from nominal position,
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GLOSSARY - PRINCIPAL USE OF SYMBOLS

Non dimensional lateral (measured at right angles to vehinle
centreline) coordinates of track ICRs relative to ground.

Non dimensional longitndinal (measured along vehlcle
centreline) coordinate of track ICRs relatlive to ground.

Lateral coordinates of wheel/ground contact points, measured
from vehicle centreline,

Lateral coordinate of CG measured from vehicle centreline.

Deflection of suspension of Ith wheel from position at which
zero foree Wi(I) is developed.

Suspension deflection when radius arm angle is TT.

Longitudinal component of vehicle weight acting through CG.
Longliudinal fnertia force acting through CG.

Sum of D7 and D8,

Deflection of origin of chassis coordinate system from a
position corresponding to zero deflection of each wheel

suspension,

Longitudinal forces generated at the Ith wheel/ground contact
point.

Track tension (tracked vehicles only;.

Longitudinal forces generated during sliding by entlre 'row’
of wheel/ground contact point,

Slope heading angle.

Roll angle of chassis, relative to ground.

Helght of CG above ground,

Subscript used to label properties associated with the Ith
wheel of an N~wheeled vehicle,

Subscript used to label properties associated with the left
(J = 1) or right (J = 2) side of the vehicle.

Subseript used to label properties assocfated with the Kth
pair of wheels of an N-wheeled vehicle, K = 1 denoting the
front wheels,

Suspension deflection due to adjustment of suspenaion medium
away from nominal position.
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equation (2-8).
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Transverse component of vehicle weight, acting through vehicle
CG.

Transverse lnertia force acting through vehicle CG.,
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Radius arm angle when suspension deflection is D6.
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P ENGINEERING DEVELOPMENT ESTABLISHMENT \
l SKID STEERING OF WHEELED AND TRACKED VEHICLES =~ é
3 ANALYSIS W1TH COULOMB FRICTION ASSUMPTIONS f
(TASK ARM 82/008)
a o
] A.P. CREEDY
[
’ REFERENCES ]
A.  Skid Steering by K.R. Welss |
{Automobile Engineer April 1971)
B. A Theoretical Analysls of Steerability of Tracked Vehicles
by M, Kitano and H, Jyozakl
C. Tracked Vehiclea., An Analysis of the Factors Involved in é
Steering by W. Steeds
b } (Automobile Engineer, April 1950) |
D. The Performance of a Large-Wheeled Skid-3teered Vehicle. : o
An Interim Report on the Operations of TV1000.
FVRDE Report No BR 189 dated 1 June 1966,
INTRODUCTION 1y
1. Skid steering has been widely applied to track laying vehicles 3
such as bulldozers and current main battle tanks., Tracks are ]
) . insufficlently flaxible In a lateral direction to permit them to be laid on 3
'k ' the ground in curves corresponding to a practical radli of turn, Instead, k
f . the propulsive force applied by one track 1s increased relative to the ;
i other until the vehicle {s forced to slew in the desired direction. Basic 3 .
i = theory for skid steering of tracked vehlicles has been published (Ref C) and E 'M%
s introduces analysi{s of the forces acting upon the track during sklid k 3
i‘ steering. é
~§' 2. In military track laying vehicles, the use of skid steering has a : ;
g: useful byproduct in that the tracks and suspension do not consume a large B ‘u,g
& proportion of the internal volume of the vehicle. Wheeled ve -icles have s
certaln herent advantages, automotively, over ‘'equivalent' tracked vehicles

fncluding the ability to travel fast over smooth ground for a relatively

lower power {nput. Wheeled and tracked vehiclens have both advantages and

disadvantages {n particular applications but it {u not the aim of this

document to examine all of these. A wheeled vehicle may well be a viable

competitor to a tracked vehicle for a particular application, and pressure p ;

to maximise use of internal volume, together with other considerations, can e L
=~

UETTIRIVRTN

result {n consideration of a skid steered wheeled concept.




s

2

3. Skid steering of a wheeled vehicle can be achieved by increasing
the total torque driving the row of wheels on one side of the vehicle
relative to the torque supplied to the other row of wheels, until the
vehicle s forced to 3lew, During skid steering, the rotational speed of
the wheels in one line or row will increase relative to the other row, but

normally the transmission arrangement imposes equal rotational speed on all
wheels within a row,

4, Theory applying to skid steering of wheeled vehicles has been
published (Ref A). Few skid steered wheeled military vehicles have been
built to date, and data on their steering performance {s insufficient for
making informed comparisons with existing vehicles,

AL

5. The aim of the work documented here was to make use of skid
steering theory to predict the steering characteristics of wheeled skid
vehicles, and to compare these with the steering characteristics of trecvked
vehicles predicted by similar theory. wWhere possible, the results of
theoretical predictions are compared also with experimental data.

BASIC PRINCIPLES AND ASSUMPTIONS

Limitations of Theory

6. The existing theory (Ref A) for wheeled vehlcles has the
following limitations:

a, Vehicle motion on flat hard ground at constant speed only ls
consldered,

b, Wheels are laterally and longitudinally rigia, and contact
the ground at a single point. Forcsas generated by sliiding
of these points relative to the ground 13 governed by
coulomb friction laws,

o, Lateral and Jongltudinal forces may be applied at the
vehicls CG, but lateral forces only are considered whon
calculating the vertical load caried by each row of wheels,

Equai vertical loads are assumed o be carried by each whesel
within a rov,

d. The effects of the foliowing upon the vertical load carried
by each wheel are not consldered:

(1) Suspension flexibility.

(2) Yertical forees generated at each wheel which are a
function of torque iransmitted, and the specific
driveline and suspension arrangement.

e. The theory deals with a 6 wheel vehlcle with symmetrical
wheael spacing and CG positian fixed in a horizontal plane

a— S bimasied S

i,
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7. The theory has been extenued within this document and attempts to
to overcome the last three l.mitations at ¢, d and e above, vy considering
an N-wheeled vehicle (N may be set to § or any greater number divisible by
2) where effects on individual wheel loads due to wheel suspenalor.
characteristice,variable positioning of the CG in three dimensions, forces
applied at the CG, unequal ~heel spacing, and vertical forces caused by
torque transmitted to each #heel are calculated, The longitudinal
flexibility of the Lyres is partially considered by appllication of rolling
resistance forces at each waeel, proportiona. to the lcad carried, and by
introducing a longitudinal movement of the wheel/ground contact point
proportional to the torque biing applied to the wheel.

8. The theory developed in this document does not deal with the most
significant of the limitations, a and b above, the non applicability to
motion on soft ground, and the overall effects of tyre flexibility. These
limivotions remaln for future resolution,

C e o e e

Y, As detailed within this dccument, the theory as developed can be
applied to tracked vehicles, due allowanze being made for the different way
in which track tension will modify the fraction of vehicle welght carled by
each road wheel, When modified for tracked vehicles, the theory developed
here becomes similar to that given in Ref B.

10. Within this document, the aymbol I has been usad to refer to the
ith wheel, (I = 1Y to N), J to the Jth row of wheers (J » 1, 2 with 1
referring to the row on the outside of the turn) and K to the Kth "axle" or
pair of wheels (K = 1, N/2). For given values of J and K, I =~ N/2 * (J-1)
+ K. Where mathematical relationships astated in this document have been
ugsed directly {n the computer programs used for skid steering calculations,
the style of variable name imposed by the BASIC programming language used
has, were practicable, been retalned.

[PRPAP.

Note: Throughout this document all figures referenced are figures of
Annex D

Instantaneous Centres of Rotation

11, Figure 1 shows the essential deta{ls of a hypothetical N-wheeled
{N x N) vehlcle. Wheels within each row are Inter connected to run at the
same speed. The N/2 points on the underside of the wheals of one row
which are {n coantact with the ground will therefore behave,

instantancously, as a single rigid body, or as a 'track' which {s {n
contact with the ground at N/2 polnts. The term 'track' s used within ~e
this report L0 denote the N/2 contact points of a row of wheels,

12. Figure 2 shows forces applled to the vehicle in the plane of the
wheel/ground contact pointe, as a result of sliding of the contact points
relative to the ground. The vehicle 18 making a turn to the right, about
a point not shown on Flg 2. The left hand 'track', in order to generate
forward frictional forces F1 and lateral forces P! as shown sliding
rearwards relative te the ground as well as rotating clockwise with the
vehicle. Sinze the 'track' behaves as a rigid body, {t rotates about a
single polint on the yround, in this case 03 as shown on Fig 2, the
Instantaneous Centre of Rotatfon (ICR) of the 'track' relative to the
ground, For the left hand 'track', 03 {s located relative to the vehicle
by B and A (1), for the right hand track, the ICR at 02 {s defined by B and
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5 (2). The actual dimensions of the ICR coordinates are A(1)*L(1),
A(2)*L(1), BEL{1) where L{1) is a characteristic vehicle dimension.

13. The 'Theorem of Three Centrea' (or Kennedy's Theorem) from two
dimensional kinematics provides that the relative instantaneous centres of
three rigid bodies in relative motion lie on a straight line. Taking
these three bodies as the vehisle, the 1afc hond 'track' and the ground,
referring now to Fig 3, the ICR of the vehicle relative to the ground is
the centre of turn 01, the ICR of the 'traci' ir'elative to the vehicle is at
infinity (since the track does not rotate relative to the vehicle) on a
line at right angles to WZ, therefore the ICR of the 'track' relative to
the ground lies on a line between 0i and infinity, which is at right angles
to WZ, An identical argument applies to the righ® hand 'track’.

Therefore both 1ICR 02 and 03 lie on a line through 01 which is at right
angles to WZ, The coordinates of 02 and 03 in the longitudinal direction
ars ldentical, and defined by B. The lateral coordinates of the ICR of
the tracks relative to the ground are defined as shown in Fig 2 and Fig 3
by A(1) and A(2), which are not necessarily equal.

14, The values of A(J) are defined as positive when associated with
positive (sliding rearwards) slip velocity of the wheel/ground contact
points, In the case {llustrated in Fig 2 and 3, A(2) has a negative value.
Determination of the location of the two 'track' ICRs will establish the
direction of sliding of each contact point, and enable each force F1{I),
P1(l), (1 = 1, N) to be calculated. Calculation of A(1), A(2) and B {8
covered in para 23 to 39.

Radius of Turn

16, Figure 3 shows a skid steered vehlcle in a steady turn about a
centre of turn 01 such that the CG follows a circular path of radius R, at
peripheral speed V. R is defined as the radfus of turn, and V the total
speed of the vehicle, and these are normally required as {nput data for the
calculations described.

16. VO {3 the component of vehicle velocity along the longitudinal
centreline through 0, Its value is constant at VO at all points along the
centreline, including the point of intersection of the centreline with the
line Joining 01 with the two 'track' ICR 02 and 03. VO 18 defined as the
'forward speed' of the vehicle,

17. The angle between the airectlons of V and VO is defined on the
yaw angle T6, The following relationships apply:

T6 « Sin™! ((B¥L(1) = L(N/2 + 1))/R) =~ (1-1)
VO « V ¥ Cos (T6) - (1-2)
R2 « R * Cos (T6) - C(3) = (1-3)
The inertia forces acting at the CG are given by:

D8 « W4 * V2/(R*g) * Sin (T6) - (1-14)
TS « Wi * V2/(R#g) * Cos (T6) - (1-5)

where W4 i3 the mass of the vehicle.
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Slip Velocities and Steering Ratio

18. The triangular construction of Fig U4, based upon the line through
01, 02 and 03 which is at right angles to the longitudinal centreline of
vhe vehicle, provides useful relationships between key velocities, The
velocities are (for J = {, 2):

Vi(J) = Velocities of 'tracke' relative to the vehicle,
v2(J) ~ Velocities of ‘tracks' relative to the ground resolved

parallel to the longitudinal centreline of the vehicle,
or slip velocities,

V3(J) - Velocities of the hull at the track attachment points,
resclved parallel to the longitudinal centreline of the
vehicle,

19, The triangular nature of the conatruction joining V3(1), VO and

V3(2) will be obvious from consideration of rotation of the vehicle about
01. The case for erection of the velocities Vi(1) and Vi(2) at 03 and 02
i3 less obvious., Conslider two outriggers of length A(1)*L(1), one
attached to the hull at A, the other attached to the 'tracx' at A, both
initially in the position A-03, A1l points in the two outriggers will
diverge at velocity Vi(1), However, since 03 i{s the ICR of the 'track'
relative to the ground, the extremity of the outrigger attached to the
'track' will be instantaneously at rest above point 03, and the ocutrigger
attached to the hull, rotates with the hull about 01 and its extremity
movea away from point 03 with velocity Vi(1), A similar argument applies
to V1(2). The construction of V2(J) follows from the relationship:

va(Jd) = Vi(J) - v3(J)

20. The steerling ratio S is defined as the ratio V1(1)/V1(2) and {s
-qual to the ratio of outer/inner wheel rotational speed, From Fig 4:

S e (R2 + C(1) + A(1)® LvjY/(R2 + C(2) + A(2)* L(1)) - (1-6),
VI(1) « VO* (1 ¢ C(1)/R2 ¢ A(L}* L{1)/R2) - (1-7).

Vi(2) = v1(1)/S - (1-8),
V2(J) « A(I)* L(iY® (8* Vi(2) =~ Vi(2))/
(C2 + ACV)™ L(1) = A(2)* L(1)) - (1-9),
where C2 « C(1) = C(2) = wheel track,
21, Figure 5 shows a small radius turn beling generated by a negative

steering ratfo. A 'pivot' turn {8 defined here as a turn with § = =1, and

provided that A(1) = A(2), this will result in the centre of turn lying on
the longitudinal centreline of the vehicle.

Slope Operation

22. Figure 6 shows the envelope of wheel/ground contact points WXYZ
gstanding on a slope ABCD which {35 at an angle T3 to the horizontal, The
vehicle {8 pointing in a direction defined by angle G8, measured in plane
ABCD, C8 i3 referred to as the slope heading angle, The vehicle is
turning right, or up the slope. The vehicle weight Wh is resolved into a
force %3 noraal to plane ABCD, and forces Tid and D7 in the lateral and
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longitudinal directions of the vehicle, all acting through the vehicle CG.
The following relationships apply:

W3 =« Wi* Cos (T3) - (1-10)
T « Wh¥* Cos (GB)* Sin (T3) - (1-11)
D7 « Wu* Sin (GB)* Sin (13) - (1-12)

DETERMINATION OF INSTANTANEQUS CENTRE OF ROTATION (ICR)

FOR EACH ROW OF WHEELS, OR "TRACK", RELATIVE TO THE GROUND

Forces Acting at Wheel/Ground Contact Points

23. Figure 2 shows the positions of the wheel/ground contact points
of a N x N vehicle relative to a L (length), C (width) coordinate system
having origin 0, and + ive L and C {n the directions shown, The contact
points of the four corner wheels are at W, X, Y, Z and the coordinates of
the 1th contact point {s L(K), C(J). The contact points are axlially
symmetrical, C(1) « -C(2) and L(1) = =L{N/2).

24, As shown {n para 13, the ICR coordinatesa for each row of contact
points lie on a line at right angles to the vehicle centreline. For
consistency with earlier work, the distance of this line from 0 {s defined
as a multiple B of the vehicle sem! length, or B* L(1), The distance of
each ICR from the relevant row of wheels {s defined as a multiple A(J) of
the venicle semi length or A(J)* L(1) (J = 1, 2).

25. The transverse and longitudinal (forward propulsive) forces
generated by the sliding of each wheel/ground contact point about 01 or 02
are P1(1) and F1(I) respectively. (I =1 toN). If the vertical load at
each contact point is W(I) and the wheel/ground coefficients of (coulomb)
friction in the transverse and longitudinal directions are M8 and M9
respectively, use of Micklethwalte's suggestion (see Ref A and Ref C) leads
to the following equatfons for F1 and P1, For I = 1 to N:

F1(I) « M8* W(I)* Cos (6(I)) - (2-1)
PI(I) « =M9* W(I)* Sin (0(I)) - (2-2)

the negative sign has been {ntroduced {n equation (2) in order to make
transverse forces acting at the wheel/ground contact points positive when
in the direction of the centre of turn, which in this case (s the direction
01 - 02. Forces F are pcaltive In the direction of motion of the vehicle.

26. The geometry of Fig 2 leads to the following expressions for
cos 0 and sin O:
Cos O(1) = A(J)* L(1) - (2-3)
VRt IR L2 6 DI KNS ICLE SN E
Sin o(I) =~ L(K) - B* L(1) = (2-4)
m "-W m T "’" !: r' TT" 2

Note that for the situation shown in Fig 2, for J =« 1 (the
‘outside' row of wheels), all cos 0 are >0 and sin @ <0 for K = 2 to N/2.
For J « 2 (the 'outside’' row of wheels), all cos 0 are <0 and sin © <0 for
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K» 2 to N/2. Forces R6(I) (I = 1 to N} act at each contact point in a
direction opposing forward (Parallel to OL) motion of the relevant row of
wheel hubs over the ground. Their sum is the "rolling resistance" of the

vehicle.

27. In accordance with the sign convention for longitudinal forces
given above, the forces R6 as depicted in Fig 1 and 2 are negative. This
{s consistent with all wheels rolling in a 'forward' direction which is
normally the case despite the forward sliding of the inside (right hand)
row of contact points. The forces R6 are therefore assumed to oppose the
direction of motion of each side of the vehicle hull parallel to OL and
further assumed to have a magnitude proportional to the vertical load
carried by the wheel such that:

RO(1) « ~K2% W(I) (I « 1 toN)
where K2 is a suitadle constant,
28. In the case of a pivot turn (normally the only practical case

where hull velocities V3(J) are of unequal sign) the right hand row of
wheels shown {n Fig 2 would have positive (forwards) forces R6(I) (I = N/2

+ 1 to N) acting at the contact points. Within the computer programs based

upon the theory of thig report the following expression was used for RS,
For I = 1 to N:

R6(1) = ~K2* K3* W(I) - (2-5)

where K3 = +1 for all conditions except a plvot turn, when K3 = =1 for J =
2 only.

29. If F(J), J = 1, 2 are the total longltudinal forces generated by
the outer and inner 'tracks' respectively, and P{J), J = 1, 2 are the
transverse forces:

N
2
F(J) = § (F1(I) + R6(1))
K«
X
2
P(J) = § PI(D)
K = 1
30. Using equations (2-1) to (2-%) the above expressions can be
re-written:
N X
2 2
F(J) = MB J W(I)* Sin ©(I) - K2 | K3* W(I) - (2-6)
Ke K= 1
N
2
P(J) = =M9 J W(I)* Cos o(I) - (2~1)
K =1
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31. The transverse forces applied at each contact point apply a
moment, opposing the turn, to each row of wheels, If M(J) (J = 1, 2) are
the moments applied to each row of wheels, and defining positive mcments as
anticlockwise in the plane of Fig 2, then:

N
2
M(J) » = § PI{I)* L(K)
K=
N
2
M(J) = M3 § L(K)* W(I)* Sin 0 (I) - (2-8)
K =1
Vehicle Equilibrium
32, Figure 2 shows all forces acting in the plane of the ground upon

the vehicle at the wheel/ground contact points. Fig t 1s an isometric
view of the simplified vehicle considered by this analysis, in which all
externally acting forces, including those of Fig 2, are shown,

The additioral forces are:

D9 - A rearward longitudinal force acting through the vehicle CG,
In a steady turn as considered by this analysis, this will
normally be the sum of an lnertia force (D8) opposing
accelleration of the CG {n the forward direction and a
component of vehicle weight (D7) acting in a rearward
direction, due to the vehicle standing on a slope.

T = A lateral {or transverse) force acting through the vehlicle
CG, It {3 the sum of an I(nertfa force (T5) and component
of vehicle weight (Th) acting {n parallel to 0C, away from
the centre of turn,

W3 - A component of vehisle welght (W) acting normally to the
plane of the ground (WXYZ).

33. The additional forces D9, T, W3 are positive in the directions
shown on Flig 1. Ir the CG o the vehicle is offset from 00" (Fig 1) by
L (N + 1), C(3) measured {n the L, C coordinate system, forces T and D9
will generate a moment M(3) about 00" as follows:

M(3) = D9* C(3) ¢« T L (H/2 + 1) - (2~9)
34, In a turn of constant vehicle speed and radius, the forces shown
on Fig 1 will be in equilibrum, Three equatfons defining this equilibrun
are:

(Equilibrum of momsents about 0)")

M(1) « M{(2) + M{3) - {F(1)* (1) + F(2)* C(2)) - 0 - (2-1Q)

{Equilibrum of longitudinal forves)

F(1) » F(2) ~ D9 « 0 - (2~11)
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{Zquilibrum of lateral forces)

P(t) + P(2) - T =0 - (2-12)
where M, F and P are defined by equations (2-6), (2-7), (2-8), (2-9).

35. It {8 required to solve (2-10), (2-11), (2-12) for A(1), A(2) and
B for given values of L(K), C(J), W(I,, ™8, M9 and K2. A numerical method
as follows has been found to give single solutions for A(1), A(2), B

36. For given conditions as stated., the left hand side of equations
(2-10), (2-11), (2-12) are treated as functions of A(1), A(2) and B only.
Detonating these functions as P2, G2, R2 respsctively, if (A(1)),, (A(2)),

and (B), are approximate 'guessed) gsolutlons, and subject to errors 4 A(1),
A A(2), 4B, then:

P2 (((A(1)), « aa?1)), ((A(2)), + 8A(2)), ((B), + 8B) =~ O - (2-13)

C2 ( ] " " " " ) ) - (2-]”)

R2 ( " [ 1" " " ) - 0 - (2..15)

37. Expressing the left hand sides of 13, 14, 15 as the first terms

of the Taylor serios of P2, G2 and R2 gives:

(P2), + aA(1) [3P2 | + aA(2) [ap2 ]+ aB apz -0 - (2-16)
8A(1)A, 3A(2) ) N

(G2), + aA(1) [8G2 7]+ aa(2) [3G2 7]+ aB[aG2] =0 - (2-17)
BA(I) FA(2) 1

(R2), + aA(1) [3R2 7]+ aA(2) [3R2 ]+ 4B aR2 -0 - (2-18)
aA(l)_, 9A(2) |, i

Suffix 1 denotes evaluation of the relevant function at the polints (A(1)),,
(A(2)),., (B),.

38. By treating approximations (2-16), (2-17), (2-18) as equalities,

the errors AA(1), 8A(2), 4B become approximate errors and can be found by

snlving (2-16), (2-17), (2-18) using standard methods for simultaneous
1inear equations,

Hence:
8A(1) =~ D1/D
AK(2) = D2/D

AB = D3/D
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where D - i opr2 el
(1) ], eA(2) |, |38,
ac2 7| [ace 7 [ac2
(1), (2], L8
A, A(2) ], B
Do~ - (p2), [3p2 7 Tap2]
| 3A(2) |, [ 9B,
- (62), [ T [3c2]
| 3A(2) ], [,
- (R2), | 9R2 [ 9R2']
an(2) ), B
D2 - [ ap2 ~ (P2), [ap2]
| 3A(1) KNS
[ 3ce - (G2), |36
| 3a() |38,
[3R2 - (R2), [aR2]
L_ml) ! [ 9B |,
D3 - 3p2 [ ap2 - (P2),
R(1) ], |oA(2) ],
(262 7] [ac2 ] - (62,
L aa(1) , [aA(2) ],
AR2 (R2 1 - (R2),
(1) ], Laa(2)
39. Improved estimates (A(1)),, (A(2)), and (B), are found from:

(A(1)), = (A(1)), * 8A(1)
(A(2)), = (A(2)), + 8A(2)
(B), = (B), + 4B

these {mproved estimates are sufficiently accurate if (P2),, (G), and (R2),
are all sufficiently close to zero. If not, the process {s repeated using
(A(1)),, (A(2)),, (B), as the new guessed solutions, This procedure has
been found to be consistently convergent in situations where solutions are
possible, For evaluation of the terms containing partial derivatives, see
Annex A,
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DERIVATION OF INDIVIDUAL WHEEL LOADS

40. Figure 7 is developed by assuming that the plane PQRS is parallel
to plane WXYZ {ground level), fixed to the vehicle chassis and contains a
two dimensional coordinate system such that 00' « Hi with major axes
parallel to those of the coordinate system in plane WXYZ. I% {s also
assumed that each wheel of the vehicle i3 attached to the chassis via a
suspension system which applies downward forces Wi(I) (I =« 1 to N) at the
Ith wheel which 1s a functlion S of the vertical movement DU(I) (I ~ 1 to N)
of the wheels relative to the chassis from an unloaded position.

N, "Vertical" i3 defined as parallel to 001, and the chassis pitch
and roll angles T9 and G9 are assumed to be sufficiently small, such that,
errors In assaming that wheel deflections Di(I) always take place in a
vertical direction can Se neglected.

2, The CG of the vehlecle chassis is assumed to lie on plane PQRS
when all suspenaion deflections are equal to Ki(K). Ki(K) is a distance
assoclated with each wheel pair or axle, and Is defined as the vertically
downward movement of an anloaded wheel resulting from adjustment of the
saspenston relative to the chassis, away from a position which places the
wheel/gro.nd contact point ¢f the unloaded wheel in pline WXYZ when 00! =
Hi.

43, Wheel loads were ad)isted during the course of testing TV1000, as
reported in Ref D, by adJusting the positlions of suspension spring
anchorages relative to the chassls, This effect was modelled by
introducing K1(K).  Vaiues of Ki(K) for TViOOO were ndt given, but
astimated val 1es were found by trial and error, as described in Para 83.
Normally, all Ki{K) = @, ie the wheel/ground contact points of unloaded
wheela lie in « single plane, normally parallel to a suitable raference
plane on the chaaais.

ny, The coordinate system created in plane PQRS is considered to be
fired to the vehisle chassis. When forces W3, D9 and T are applied at the
CG position, puints in plane PQRS vertically above the wheel/ground contact
points in plane WXYZ will adopt new positions in plane P'Q'R'S' as shown in
Fig 3. The vertical movement of these points will be equal to the
vertical movement of the wheel/ground contact points relative to the
chaaats, Du(I).

5, The suspenaion deflections are glven by:
Du(1) = D& + L(K) Sin (T9) + C(J) Sin (G9) + KI(K) - (3-1)
The height H of the CG above plane WXYZ is:
Hw Hi - (D8 + L(N/2 + 1) Sin (T9) + C(3) Sin (G9) - (3-2)

where L(N/2 + 1) and C(3) are the coordinates of the CG in the system
attached to the chassis. Generallly, L(N/2 + 1) and C(3) are small and D@
does not vary greatly. H was treated as constant within the caleculations
deseribed below,
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46, Certain arrangements for driving the wheels can cause forces
HW2{I) to be applled to the Ith wheel, Independently of the suspension
forces Wi(I). Bé¢th Wi(I) and W2(I) are considered ‘te act vertically
downwards. If tie vertically upward force acting at the Ith ia W(I) then
(as shown fn par’. 58 to 71):

W(I) « Wi(I) + W2(I) ~ (4-6)

47. Par.graphs 58 to 71 contain the derivation of W2{I) for radius
arm suspensi ,m and drive arrangements typieal of those propused for wheeled
skid steere: vehicles, as well as the derivation of W2(I) for tracked
vehicles.

48, If the function S {DU(I)) relating DU(I) and Wi(I) is linear,
considerations of vehlcle equilibrium leads to N linear equations which can
be solved by matrix methods to provide the wheel loads W{I) directly, for
given values of W2(I). However this approach could not be used for non
linear 3, which is a probable feature of a suspension designed for fast off
road tpvement,

49, The following method of calculating D@, T9 and G9 from
conaiderations of vehicle equilitrium uses on Newtons fteration in the same
way as the method used In para 11 to 15 to caleulate ICR coordinates, The
method ultimately depends on evaluation of the suapension force S
{D4(I)} and spring rate 3S{D4(I)} for

aDH(1)
glven values of deflectlon DU(I) being possible. Some suspension
characteristice may require the use of data fitting (curve fitting)
techniques in order to achieve this In a gonvenient manner, and a method
used {s deseribed in Annex B.

50. Referring to Fig 1, denoting the moments of all externally
applied forces acting zbout XY, W2 and OC As M(1), M(2) and Mg
respactively:

N
2
M(1) = % W(I)® (C(1) = C(2)) ~ T*H ~ W3* (Q(3) - C(2)) =~ (3-3)
-1
N
M(2) = § W(I)* (C(2) - C(1)) = T*H + W3* (C(1) - C(3)) = (3-4)
I« N/2 + 4
N
2
ME = ] (W(K) + W(N/2 + K))% L(K) + DI* H = W3% L (N + 1) = (3~5)
K=1
51, In the case of (3-3) and (3-4), positive moments are considered

to be anticlockwise viewing in the direction LO. C(2) is normally
negative, The effact of chassis pitch and roll angles on the projection
of distances C(3) and L{N+ 1) onto plane WXiZ has been neglected,

52. It {s required to find D&, T9 and G9 such that M(1), M(2) and M¢
are each close to zero. Equation (19) can then be used to find the
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suspension deflections DY(I) and hence the suspension forces Wi(IL). The
wheel loads are then calculated using (4-6).

53. Initial values (M{1)),, (M(2)),, (M&),, are computed using
Inftial estimates of (D@),, (G9);, and (T9), via equations (3-1), (4-6) and
the functional relationship betwen Wi(I) and D4(I). The Initial estimates
are normally (G9), = (T9); = @ and (D@), set to the value of suspension
deflection obtained for a suspension’force of W3/N. Forces W2(I) will
have been computed separately and are treated as known constants within
this section. (See "Overall Method of Computation" para 75 to 77).

5. If aD@, AT9 and AGY9 are approximate errors in (D¢), (T9), (G9),
then:
(M(1)), + ape [aM(1) ] + AT9 aM(l) + 609 [ M) | = 0 = (3-6)
200 |, M9 FE
(M(2)), + aba [aM(2)7] + a19 [aM(2)] + ac9 [am(2)] = 0 = (3-7)
g |, 379 _|l 369 |,
(M@), + aD® + ATY + AGY = 0 - (3-8)
8DU 3T9 869

where 1 denotes evaluation of the relevant function at the point (Dd&),,
(19),, (G9),.

55. Provided that the terms containing partial derivatives can be
evaluated, the approximate errors can be found by solving the three linear
equations (3~6), (3-7), (3-8) by methods identlical with those used in Part
1. For evaluation of the terms containing partial derivatives, see Annex
C.

56. Improved estimates of D&, T9, and G9 are then obtained:

(@), =~ (DY), + ADQ
(Tg)z - (Tg)l + AT9
(G9), = (G9), + AGY

this process is repeated until the values obtalned for M(1), M(2), M@ by
substitution of the improved estimates of D&, T9, G9 iato equations (3-1),
(3=3), (3-4), {3~5% are sufficiently close to zero.

57. The speed of the method depends on the accuraoy of the Initial
estimates of DO, T9, G9. If significant forces T and. D9 are applied to
the vehicle, the wheel loads are far from equal and the first esti{mates for
bdg, T9, G9 on the basis given above are lnacourate. Under these
conditions, the iterative process requires several passes to reach
equilibrium,
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EFFECT OF SUSPENSION AND FINAL DRIVE ARRANGEMENTS ON

WHEEL LOADS

Wheeled Vehicle

58. Figure 8 shows a suspension arrangement typical of proposed and
actual wheeled skid steered veafcles., A radius arm is attached to the
vehicle at 0 and can rotate relative to the hull about 0. Concentric with
the radius arm attachment at 0 i{s an input drive shaft which is part of the
radius arm and is connected to an output shaft at A by mechaniams {nternal
to the radius arm such as gears or a chalndrive, normally such that the
input and output shaft rotate in the same direction. The wheel can rotate
about A relative to the radius arm and is driven by the output shaft,

59. Torque Mg is shown being applied to the radius arm (not the
concentric drive shaft) at 0 by the suspension medium, This torque can be
replaced by a downward load Wi(I) applied to the radius arm at A such that:

WI(I) = Mg/(R9™Cos (T8(I)) - (4-1)

60, In practice a pure -torque is applied to the radius arm at 0 only
{f the suspension medium: {3 {nhoard of point of attachment to the hull,
Outboard suspension components (Cas atrut, coll spring, ete) could be
attached to the radfus arm anywhere between 0 and A. In all ocases, a
moment Mg about O {3 generated and the equivalent downward force Wi(I) at A
can be obtained from (4=1). Generally (and within the calculations
described in Para 40 to 57) suspension force/deflection characteristics are
given in terms of the vertical force WI(I) for a given vertical deflection
at A of Di(I).

Etl. Torque Tyy is shown belng applied to the input drivé shaft by the
vehicle driveline with torque - T2(I)} being applied to the output drive
shaft at A. The forces W(I) (vertical load), F1(I) (forward propulsive
force} and R6(I) (resistance to forward motion). are transmitted onto the
end of the radius arm at A, via the wheel. The wheel has torque T2(I)
applied to {t by the output shaft,

62. Deformation of the tyre in forward motion is conslidered to result
in a forward movement x of the contact point as shown. It is proposed
that x i3 dependent on the input torque T2(I) as follows:

%X = Xo + T2(I)/K4 wnere Kl i3 constant, and x = x, when T2(:I) and
F1(I) are zero. Hence from consideration of wheel equilibrium with T2(I)
= F1(I) = @:

Xo = = WO* R6(I) (ie x, is + ive for rearward
2% W(I) R6(1))

]
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equilibrium of the wheel with non zero values of T2(I) and F1(I) gives:
T2(I) = W(I)* x = (F1(I) + R6(I))* W9/2 = @ - (4-2)
or T2(I) = W(I)* (x, + T2(I)/K4) = (F1(I) + R6(I))* W9/2 = ¢ ;
substituting for X,: %
T2(1) = FI(I)* (W9/(2% (1 = W(I)/KN)) = (U=3)

a value for KU was estimated from data published in Ref D for TVi000 when
climbing slopes. The value ysed was K§ ~ 65400, This results in a value e -
of x equal to 0.157 feet for 'Y2(I) = 7000 rt lb, and would apply to the ]
tyres specific toc TV1000 only. (See para 89 - TV1000 - Tyre Contact Polnt
Movement, for this derivation of Ki.) f

63. Conaider equilibrium of the radius arm in Fig §:
Tin = T2(I) = Mg * W(I)* R9¥ Cos (TB(I)) = (F1(I) + R6(I))* (R9* Sin (TB(I)) =~ ¢

substituting for My and T2(I) fron (4-1) and (4-2):
H(I) = WI(I) =~ (F1(I) + RG(I))* TAN (T8(I))
+ FI{I)® W% (1-R8)/(2% (1-W(I)/Ki)* RO* Cos (TE{I)) = (4-h)

where R8 = Tyy/T2(I1), equal to the speed reduction ratio of the‘radida arm
assuming 100% transmission efflioiency.

o, It can ba seen from (4-§) that for T8(I) = 0 and/or R8 = 1, that
W(I) » WI(I), If a positive difference that exists between W(I) and Wi(I)
is considered to be a downward force W2{I) acoting at A, then:

W(I) = WI(I) + Wa(I) = {u-5)

W2(1) would therefore appear on the left hand side of eguation (4-u).

65. "Leading" as opposed to "tralling" radius arms {mply 290° < T8(I)
< 909, in which case W2(I) will normally be negative, or in an upward
direction. For a radius arm angle of (180 - T8(I)), equation (4-4)
provides an {dentical absolute value of W2(I), the sign being changed. A :
term 2(K) (K = 1 to N/2) is introduced in (4-4) which is set to =1 or +1 ol
depending on whether the radius arm 'leads' or 'trails' (as in Fig 9). .
Radius arm angles are then always measured as the smallest angle from
horizontal. (li-l) becomes:

W2(I) = Z(K)* ((F1(I) + R6(I))* TAN (T8(I))

+ F1(I)* W9* (1~R8)/(2% (1-~W(I)/Ku)* R9* Cos (TB(I))) -~ (4-6)
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66. The radius arm angle T8(I) of the Ith radius arm may be found
from the suspension deflection D4(I), which will have been found as a
result of the determination of W(I):

T8{I) = Sin~! ((R9* Sin (T7) - (DU(I) ~ D6 ~ K1(K))/R9) - (4=~T7)

where D6 is defined as the suspension deflection which occurs when the
radius arm angle {e T7. Normally D6 is set to the deflection appropriate
to a suspension load of W3/N, and T7 set to the suspension arm angle
desired in the czse of the vehicle standing still on level ground. The
actual suspension arm angles T8(1) with the vehlcle in a static condition
will depend also on wheel spacings L(K), suspension settings Ki(K) and CG
position L(N/2 + 1), C(3).

Tracked Vehicle

67. The skid steering analysis developed In this document for wheeled
vehicles can readily be applled to tracked vehicles, apart from the
foregolng section deallng with effects of torque application at each wheel,
A tracked vehicle with N road wheels Is shown in Fig 9. The track/road
wheel contact points can be defined by L, C coordinates as shown in Fig 2.
The assumptlon that the whole of each wheel load is transferred onto the
track/ground contact point i{mmediately below each track/wheel contact point
fs consistent with the analysis belng limited to vehicle behaviour on hard
ground.  Thus each track behaves as a longitudinally rigld body which is
in contact with the ground at N/2 points, and the theory set out in para 23
to 38 for determination of track/ground ICR is applicable, The wheel
loads W(I) can be found by the method given in "derivation of Individual
Wheel Loads" para 40 to 57. The manner of application of sliding forces
at the track/ground contact points is considered to modify the forces W(I!
by generation of forces W2 as shown in Fig 8.

68. Each track has a force F3(J) applied at one end to cause sliding
during skid steering. The track {3 assumed to be slack at the opposite

‘end', {mmediately prinr to passing below a road wheel. The track forces
are given by:

N
2

F3(J3) = [ FI{I1)
Ke

this is not equal to the total propulsive force F(J) developed by each
‘track' as given by (2-6), As shown in Fig 9, F3(1) will normally be
positive, F3(2) negative. In each case, a vertical force W2(I) is
developed at the road wheel nearest the sectlon of track under tension
F3(J). For consistency with (4-4) both W2(I) f{llustrated will be negative.

69, For positive F2;

W2((J~1)* N/2 + N/2) = ~ABS (¥3(J))* Sin (L2) - (4-8)
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70. For negative F2:
W2((J=1)% N/2 + 1) = =ABS (F3(J))* Sin (L1) = (4=9)
all other W2 are assumed @.
11, W2(1) as found by (4~8) and (4~9) for tracked vehicles frequently

result in negative values of W(I) implying that the road wheel in question
would be raised from the ground, (The calculation of W1(I)} in (ii~4)
assumes that the track under the road wheel is {n contact with the ground).
In this instance W(I) must be set to zero, as well as IWI(I)/9DU(I) in
equations (D-7), (D~8), (D-9) used to find chassis equiiibrium, This
requires suitable conditional statements in computer calculations. The
reduotion of wheel loads at the extremities of the vehicle in thia way
resnlts {n the remalining wheels carrying greater loads, but the overall
effect is equivalent to shortening the wheeibase, which .reduces opposition
to slewing, and, generally, the values of A(J).

CALCULATION OF POWER INPUT AND DISSIPATION

Wheeled Vehlcles

72, Referring to Fig 2, the N/2 contact points of a !track' slide
longlitudinally (parallel to the vehfcle centreline) and laterally (at right
angles to the vehicle centreline) relative to the ground, at velooities
v2(J) and -v2(J)* Tan 0(I) whilst generating forces FI(I) and PI{I)
respectively. (Lateral velocity in the direction of the centre of turn is
defined as negative.)

The total power dissipates in longitudinal and lateral sliding is
therefore, for both 'tracka’:

N

NG = J FI(I)* v2(J) : - (5-1)
I=1
N

N5 = =} P1(I)* V2(J)* Tan 0(I) - (5-2)
I«

the power input from the vehicle transmission to the wheels is given by:

N
N6 « (2/W9)% J T2(I)* V1(J) - (5-3)
I«

(Vi(J) is the peripheral speed of the wheels relative to the hull or
chassi{s and T2(I) is the torque input to each wheel.)

N6 normally exceads (Nhi + N5} due to power required to overcome
motlon resistance forces R6(I) and the additional torque required to drive
the wheels due to contact patch movement,

73. T2(1) {s usually negative for wheels on the 'inside' of the turn
(I = N/2 + 1 to N) and this gives rise to negative power terms T2(I)* Vi(J)
in (5~3), when V1(J) remalns positive. This represents a power input to
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the vehlicle transmission by the wheel. The transmission would normally be.

designed to 'regenerate' this power at the wheels on the outside of the
turn. The sum of wheel power inputs, N6 would equal engine power input to
the transmisglion if the transmission efficliency including the efficlency of
the regenerative path within it were 100%.

Tracked Vehicles

74, Equations (5-1) and (5~2) apply to the tracked vehlcle steering
on hard ground which has been considered within this report. The power
input to the tracks cannot be found from (5-3), however and is given Dy:

2
N6 = § F3(J)* V1(J) ~ - (5-4)
J e
or, alternatively
N
N6 = § F1(I)* Vi(J)
I =1

OVERALL METHOD OF COMPUTATION

75. This sectlon describes the essential aspects of the logic of a
computer program which utilises various sections and appendices of this
document in order to caleculate conditions applying to a skid steered
vehicle {n a turn of constant radins and apeed.

76. Figure 10 does not include every logical step-in the program, but
shows the essential steps. For specifled values of V and R, ‘the
longitudinal ICR coordinate B determines the magnitude of ‘the inertla
forces acting at the CG, however the method used to calculate A(J) and B
requires these forces as fnput data. Hence an initial estimate of B is
required, which is used to calculate initfal values of the inertla forces
and a resulting calculated value of B. An outer reiterative loop is used
which provides new estimates of B based upon minimisation of the errcr
(calculated B ~ estimated B) using a linear iteration subroutine.

11. The calculation of wheel loads W(I) as detalled in Para 40 to 57
takes into consideration vertical forces W2(I) which may be generated at
each wheel, depending upon the specific driveline and suspension
arrangements of the vehicle, and upon the torque applied to each wheel.
Calculation of the wheel torques in turn depends on caloulation of the ICR
positions, which depends on W(I) as input data. Initial estimation of
forces W2(1) is difficult and so they are Initially set to zero. Wheel
loads W(I) and ICR coordinates are then calculated which result in new
values of W2(I)., These are used as new initial estimates, the process
being repeated until stable values of W2(I) are obtained. In practice
this reiterative process converges fairly quickly.
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PARTICULARS OF VEHICLES

78: The particulars of the vehicles are presented under the main
headings TV1000, TV1333 and TV6000.
V1000
General
79. TV1000 was a 6 x 6 test vehicle built by the UK MOD Military

Vehicles and Engineering Establishment (MVEE) in order to investigate the
performance of a skid steered vehicle with large wheels. Reference D
contains some data on. the performance of TV1000 during skid steering., The
following particulars, based on TV1000, were used as input data for
computer calculations of akid steering performance, and were mostly taken
from Ref D.

Leading Dimensions and Mass

80. a. Number of wheels (N): 6

b. Wheelbase : 13.126 (Feet)

¢. Track : 8.876 (Feet)

d. Wheel Spacings: : L(1) = 6.563, L(2) = 0,
L(3) = ~6.563, C(1) = 4.438,
C(2) = =4.438 (Feet)

e. CC Position : H = 3.6, C(3) = 0,
L(4) = -0.21 (Feet)

f.  Weight (Wl) : Leu24 (1b)

g. Wheel Diameter

(effective) (D9)

.

Suspension Characterisitics

8‘0

magnitude 2,5% Wi/H (19400 1b),

4.72 (Feat)

The total wheel travel available on TV1000 is reported iniRef A
to be adjustable in stages up to a maximum of 18 inches. The relatlonship
between suspension force Wi(I) and wheel deflection DU(1) was not given.

It was assumed that the suspension geometry would have been designed to
provide a 'ris{ng? characteristic, with a maximum suspension forze of

is shown In Flg 11,

82.

The force/deflection relationship assumed

The propertion of veﬁicle mass carried on each wheel was measured
during the courss ¢of testing TV1000 and the following average resuits
reported in Ref D:

Front wheels:
Centre wheels:

Rear wheels:

14224 1b (7112 1b per wheel)
16464 1b (8232 1b per wheel)
15736 1b (7868 1b per wheel)
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83. The wheel loads caleulated by the method given in para N0 to 57
assuming a static vehicle (ie, no skld steering or lnertia forces being
applied) were adjusted by varying the value of CG longitudinal coordinate
L(4) and the centre suspension setting Ki(2). For L(l) = ~0.,21 feet and
K1(2) = 0.8 inch, the following static wheel loads were calculated:

Front wheels: 14231 1b (7116 1b per wheel)
fdntre wheels: 16477 1b (8238 1b per wheel)
Rear wheels: 15715 1b (7857 1b per wheel)

hence a value of -0.2%1 ft was assumed for the CG coordinate L(4), and the
values assumed for Ki1(K) were Ki(1) = 0, Ki(2) = 0.8, Ki(3) = 0.

Radius Arm GCeometry

84, TV1000 was reported in Ref D to have 'leading' radlius arms for
the front wheels, and 'trailing' arms for the centre and rear wheels. In
each case, the gpeed ratio R8 of the driveline components within the radfius
arms was unity. Hence 2(1) = =1, 2(2) = 1, Z(3) =1, R8 = 1,

85. The length of the radius arms R9 was assumed to be 3.0, feet,

86. It was necessary also to assume a value for the anglé T7, the
angle at which the radlius arms would sit relative to a horizontxl reference
plane on the vehicle chasais, when each wheel i{s deflected by an amount
equivalent to an applied load of Wi§/N. An angle of TT = -8 degrees (le
wheel hub centres nominally higher than the centres of rotation of the
radius arms) was found to give the bost match of ocalculated wheel torque
figures. This is discussed in more detail below,

Friction Coefficients

87. Valuies for the lateral and longitudinal coefficlents of fristlion
between 'the wheels and the ground, M8 and M9, had to be assumed. Values
of 0.8 were suggested for M8 and M9 in Ref 1 and these were tried initially.
It was feund necessary to decrease the value of M8 relative to M9 in order
to reasorably match the steering ratio requipred to achleve the first gear
turn radfus recorded for TV1000, and to match the wheel power inputs
recorded for a neutral turn, The values finally used for the calculations
were M8 = 0.75, M9 = 0.85.

Rolling Resjatance

88. Reference D reports an estimate of the rolling resistance or
TV1000 of 1000 1b on level ground. This would lead to a value of
1000746424 « 0.0215 for K2 in equation (5), para 28. A value of 0.02 was
uged Yor K2 in the calculations,

Tyre Contact Point Movement

89. Reference D contains the following data for TV1000 climbing
directly up three slopes, with no application of stearing brakes:
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' ) fotal TanqueA
Slope (LB~FT)
(*) To all Wheels
14 , 33107
18,4 39568
30 64972
90, To assess the extent of forward movement of the centack point of

each wheel, it was assumed that cach wheel provides equal propulsive force,
with equal torque applied and equal movement of the contact point. 1In
practice, the torques supplied to cach wheel were not equal, particularly
on the steepest slope. Equation (4-2) was then used to calculate a value
of contact point movement x at each wheel for each slope value.

91. In this application -of (4-2), (F1(I) + R6(I)) was set to Wi* Sin
(Slope)/N, W(IL) to Wi* Cos (Slope)/N and T2(1) to the torque valiue above,
divided by N. This provides three values of x corresponding to the three
slope values, These values, together with a,value calculated for T2(1) =
F1(I) = 0 are shown in Fig 12. The broken llne shown in Flg 12 passing
close to the four data points was ugsed to obtaiin a value of Ki In equation
(4-3) of 65400 1b,

ﬂViggz
General
92, TV1333 is the identification of a fléhitious 8 x 8 wheeled skid

steered vehicle which is Intended. to reflect TViQ00 had it been built as an
8 x 8, It was assumed that an 8 x 8 vehicle deddgned Mor the same misaion
as a 6 x 6 would welgh more due to the possible {ncrease in total hull
vength Imposed by the combination of the additlonal running gear, and the
likely need to minimise any reductlion In wheel dfameter so that ground

preasura 1s not lncreased.

Leading Dimensions and Mass

93. a, Number of wheels (N): 8

b, Weight : 51066 1b
(A 10% weight increase was assumed)

9y, The wheel spacings were obtalned by first considering the wheel
diameter. In order to keep nominal ground pressure the same as TV1000, the
area of ench tyre In cantact with the ground per upit welght carried was
made equal to TV1000, It was agsumed that the contact area is
proportfonal to diameter x section width of tyra, and that the
diameter/section width ratio is not changed. ‘Hence for a 10% total mass
increase, the ratio of wheel diameters for TV1000/TV1333 is given by v 1.1
x ¢/, which leads to an effective wheel diameter of 4.285 feet for TV1333.
The longitudinal spaces bekween the wheels were reduced from 1.6 feet for
TV1000 to 1.0 feet for TV1333. (This results {n a hull 'length increase of
approximately 6% for TV1333, compared with TV1000), The resulting wheel
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spacings were:  L(1) = 7,927, L(2) = 2.642, L(3) = -2.6U2, L(Y) = ~-7.927,
C(1) = 4,488, C(2) = ~Y.488 (Feet).

g5, The small increase In track compared with TV1000 s due to the
decrease in section width of the tyres used for TV1333. It was assumed
that the overall width of the vehicle would remain the same as TV1000.
Thus:

¢. Wheélbase : 15.85Y4 (Feet)
d.  Track : 8.976 (Feet)
e, CG Position : H= 3.6, C(3) = 0,

L{ ) = -0.25 (Feet)

Suspension Characteristics

96. The 18 inch total wheel travel of TViO00 was retalined, the same
general shape of suspension force/wheel travel curve retained, the force
being scaled down by a factor 1.1% 6/8,  All Ki(K) were set = 0.

Radius Arm Geometry

97. All radius arms were made 'tralling', since it seemed likely that
economy in length of drivellne paths offered by front leading arms on the 6
x 6 might not be as advantageous with an 8 x 8, and that -possible
production cost economies resulting from a commen radius arm and suspension
layout might be attractive, Thus all 2(K) = 1. Radius arm length RS was
assumed to be 2,7 feet. The¢ nominal angle T7 corresponding ‘to radius arm
position for a wheel deflection equivalent to an applied load of WY/N wae
set to 09, le the vehicle wonld be intended to stand on level ground in a
static condition with all radins arms {n a horizontal posltion, assuming
that all wheel loads were equal.

Friction Coefficlients

98, The values chosen for TVI000 were used, fe M8 = 0.75, M9 = 0,85,

Rolling Resistance

99, The value used for TV1000 was adopted, le, K2 = 0.02.

Tyre Contact Point Movement

100. The value of Ky used was increased to reflect the small tyre size
of TV1333, and consequent smaller contact point movement which might be
expected to occur, K4 = 73000,

TV6000
General
101. TV6000 i{s the identification used for a hypothetical tracked

vehicle which {s intended to reflect TVI000 had it been bullt as a tracked
vehicle, with twelve road wheels,

.
i o S
= ‘
L \;
b iverer et e

Bl e |

] Bl

e foenined

il Dol

Iotd fveed e

LR
[

R

e

T

3]

A




Y
-t o K AR ¢ oy S s W b Y .

{ 23 .
3 a
: Leading Dimensions and Mass ‘
%t - 102, a, Number of road whésls (N) : 12
b. Wheelbase (road whéels) ¢ 13.126 (Feet)
c. Track : 8,876 (Feet)
d. Road wheel spacings : L{1) w 6,563, L(2) = 3,937,

L(3) = 103‘2} L(u) = =~1,312,
L(5) = -3.937, L(6) = ~6.563,
C{1) = 4.438, C(2) « ~4.438
(Feet)

e, CG Position : H = 3.6, C(3) =0,
L(7) = =0.2 (Fest)

f. Weight : 462y (1b)

g, Road Wheel Diameter : Not used in calculations for

tracked vehicle.

h. Track approach and ;
departure angle 30 degrees i

Suspension Characteristics

103, The 1B inch wheel travel of TV1000 was retained, and suspension .
force, increasing linearly to a maximum Of approx 2.5* Wi/N (9700 1b) was i
assumed, as shown in Fig 13. It was found that some combinations of ;
forces acting on the vehlele could cause individual wheels to reach full
deflection, and it was necesvary to model a 'bump stop'. This was done by
adding an additlonal in¢h to the wheel travel {n which the suspenslion force
rises steeply from 9700 to 30000 1b. All Ki1(K) were set « 0.

Radlus Arm Geometry

104, As detalled in para 40 Lo 57, the determination of wheel loads ,
¥W(I) for a tracked vehicle for the calculations described in this report .
depends upon the track tension F3(J) and the track approach and departure .
angle L1 and L2, rather than the radius.arm geometry and torque applied to
each wheel, the latter bejng zero for a tracked vehicle. The calculation
of radius arm position angles T8(I) was retained for reference; for this
purpose the nominal setting angle TT was made 0 and the radius arm length
R9 sat to 2 feeat,

R

Frietion Coefficlents

>t
M gy ey ey

105, Values of M8 = M9 = (0.8 were used, which are assumed to -be
consistent with the track being equipped with rubber pads for operation on
hard surfaces.

91
S

Rolling Resistance

106, The rolling resistance of a tracke( vehicle would be expected to
be greater than for a whéeled vehicle. Ref D used a factor of 0,04 for
obtained total rolling resistance of a tracked vehicle from total weight.
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This was in effect adopted for the calculations within this report, le K2 «
0.04.  The method of application of K2 (via equation (5) in para 28)
results in the rolling resistance generated by each track being unequal if
unequal proportions of vehlcle welght are carried by each track. Hence
the total rolling resistance of the vehicle will always be W3* K2, with an
additional moment applied to the vehicle If the rolling resistance of the
tracks are unequal, resisting turning if the more heavily loaded track is
on the outside of the turn,

107. Tyre Contact Point Movement -~ not appllicable,

RESULTS OF SKID STEERING CALCULATIONS

TV1000 = Torque Input to Individual Wheels

108. Equation (4-3) gives the relationship assumed between forward
propulsive force Fi1(I) at an individual wheel and torque input T2(I). For
a given ICR position, F1(I) {s dependant in turn on the vertical load W(I)
and 8(I) as assumed in equation (2-1). Equations (4=5) and (4-6)
summarise the relatjionship assumed between wheel load W(I) and torque lnput
T2(1), radius arm position angle TB(I), radius arm reduction ratio RS,
radius arm length RY, tractive force (F1(I) + R6(I)). For gliven positive
tractive force and torque input, the wheel load W(I) is increased {f T8(IL)
> 0 and/or R8 < 1, Increase in wheel load will, through the {terative
process described in para 77, cause the torque input calculated for that
particular wheel to be lncreased,,

109, For TV1000, R8 = 1 and the measured wheel input torques shown in
Table ), are conslstently lower in magnitude for centre wheels providing
positive propulsive force (wheel No 2) compargd with centre wheels
providing negative propulsive force (wheel No 5), This pattern could only
be reproduced in the calculatfons by making T8(I) < 0. The calculated
figures in Table 1 were obtained for T7 = -89 which made T8(I) < 0, This
woiild imply that the normal position of the wheel centres are higher from
the ground than the centres of rotatlion of the radius arms, an unsxpected
situation. At the time of writing this document, there was no other
information available on the nominal radius arm posltlon for TV1000.
Acquisition of such addi{tional data would provide a useful test for the
theoretical assumptions made here.

110, It can be seen quiekly from Table 1 that the fjheory gives good
estimates for whesl torque input only at lower radius of turn, For

fourth gear, the calculated values of wheel input torques are up to 175%
greater in magnitude than the measured torques. This level of error is
not, however, reflected in the calculated value of steering ratio and total
wheel power Input, which remalin In reasonably close agreement with the
measured values. The érror in torque levels {s considered llkely to be an
effect of tyrae lateral flexibility, which was not considered in this
analysis,
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TABLE 1 - MEASURED AND CALCULATED WHEEL INPUT TORQUES FOR TV1000

(FIGURES IN PARENTHESIS INDICATE INPUT DATA FOR CALCULATIONS)

g:::; 2?°%3?n :?ooézfg'ed SF::::;“ ::;:i TORGUE INPUT {LO-FT} TO INDIVIOUAL WHEELS | Remarks
Fe/s Foot Innpr | riter To ¥nis 1 F3 3 [} 5 6
Tirasgred -3.00 P02 1087 148,2 8540 [ 15470 | 9930 [ =760 | ~18120] -9290 | ‘Neutral®
Taleulated | (<0.237) | (-0.9%) | <2.03 | 2,50 | =0.870 [ 152,17 | 10500 [ 15101 | 10576 | 6058 | ~17248 | =11077 —
Fﬁeasuroa 20,68 | 1,07 | 3.39 | 3.068 €1.35 [ 10970 [17400 1110630 | ~9780 | ~18660"| =10000 [ 151 Cear
TTaitalated | (2.15) | (20,50 | V.125] 3.33 | 2.96% 02,8 110925 | 15210 | 10807 | ~B039 | =18113 | -10922
[Heasured 46,58 | 6.73 [10.0% | 1,502  [107.0 [ 10740 | YANOO | 10410 | ~9u1D | ~1N770 | -B8360 | 2nd Gear
afculated| (B.82) | (R6,%) | 6.517710,3% | 1.583 [111,2 11261 [ 15638 | 10258 | ~8640 ] ~17380 | =10853
Teasored 13.5 | 18,89 | 15,21 | V.288 [ 118,1 [ 10940 | 10150 | 12260 | *9170 | =11780 | =B6A0 | 3rd Gear
Talzulated | (13,531 | (15.%) | 1LABS| 158 (R LF I TN VILEB [ auBer T arT6 | ~u02i | ~18779 | ~10802
Ve anirad 18,6 1 19,6 | 22.95 | t.411 [ 119,5 FLOB| TW06 | S&RG | ~5070 | 5715 | <aB00 | ath Gear
"airalated | (21,40 | (119,63 | 19,18 {23.23 | 1,210 13,7 (12058 ] 15933} 8975 | ~94u2 ] ~15822 | 10715

Variation of Steering Ratio, Power Inptt and Power Dissipation with Radius

of Turn

1.

forward speed on flat ground, for a range of radil of turn, R.

Figure 14 shows calculated values of steering ratin S (S is
defined in para 20, equation (1-6)) for TV1000 travelling at negligible

S

increases steadily with raeduction of R from large positive values, and
approaches {nfinity as Vi(2) approaches zero, or the 'inside! track become
stationary with respect to the vehicle hull,
to ocecur as Vi(2) becomes negative, or the !'inside' track moves forward
relative to the hull.
equal speseds relative to the hull) the radius of turn is close. to zero.
= 0 occurs when the 'outside' track speed V1(1) becomes zero and the radius

of turn is about =10 ft.

112..

relatlionship between S and R within a range of practical turn radii, for

TV1000. for V =» 20 and 30 ft/sec, a lower limit to radius of turn was

Figure 15 shows the calculated effect of -total speed on the

found to affect the calenlation procedure as programmed for computer
solution,

equations (2-10 to 2-12) was not found.

‘Below these limiting radii, solutlon to the equilibrium

Negative values of S start

For S « =1 (tracks moving in opposite directions at

S

The total lnertla (centrifugal)
Torce applied to the vehicle at these radii are equivalent ts 0.73 and 0.78
respectively of vehiecle mass. Given the friction coefficlienta assumed
between wheels and ground, {t could reasdnably be expected that a limit to
vehicle equilibrium would occur close to these turn radii. As the vehicle
approaches the limiting turn radil at the higher speeds, the change in
steering ratlo for change In turn radius becomes zero, and in the case of V
= 30, becomes negative before the limiting turn radius 1s reached. This
suggests a regime of negative steering stability, le that a reduction in
steering ratio could cause a decrease rather than an increase in turn
radius,
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113. The calecnlated power input to the wheels for steady turns under
such conditions, however, 1s very high and suggests that the lower limit to
turn radius at a given speed would in practice be higher than those
suggested by Fig 15, Flg 16 shows the total power dissipated in sliding
of wheel contact points (N4 + N5) and the total power input to the wheels
(N6) plotted against radius of turn R for a total speed V of 20 ft/sec, for
TV1000. Practical considerations of engline power for a vehicle this size
could be expected to impose a lower limit of about 40 feet radius for a
steady turn at this speed.

114, Figures 17 and 18 show the calculated relationship between
steering ratio S and radfus of turn R for TVi1333 and TV6000 (tracked),

The general shape of the relationships for various forward speeds are not
significantly different to those calculated for TV1000, and the limiting
turn radii at the varfous higher speeds are nearly the same. The
hypothetical tracked vehicle TV6000 requires a generally lower level of
steering rati{o for a given radius of turn. This 1s reflectéd in the lower
values of A(J) found for the tracked vehlcle, compared with the wheeled
vehicles under equivalent conditions, and ls consistent with the prediction
in Ref 2 of a decrease in turning radius for an Increase in number of
wheels, for a glven steering ratic and wheelbase/track (L/C) ratio. The
values of A(J) caloulated for TV1333 were not significantly less than for
TV1000 because the L/C ratio of TV1333 was increased, to accommodate eight
wheels with ground pressure equivalent to TV1000.

115, The power dissipated in sliding of wheel/ground contact points
(N4 + N5), is dependant on the slip velocities V2(J) as given by equations
(5-1) and (5-2). V2(J) are in turn proportional to A(J) as given by
equation (1-9) and hence {t could be expected that power dissipation of
"equivalent” vehiclas could be related to comparitive levels of A(J).
Figures 16, 19, 20 show relationships between calculated power dissipated
in wheel/track sliding (N4 + N5), calculated power input to wheels/tracks
N6 (see equations (5-3) and (5-4)) for varlous values of turn radius R, for
a total vehicle speed of 20 ft/sec. The calculated power dissipation in
sliding for the tracked venicle TV600OTR is significantly less than for the
two wheeled vehicles, The power dissipation in sliding for TV1333 exceeds
that for TV1000 due to the greater welght assumed for the 8 x 8 vehicle,
and slightly grezter levels of A(J). In all cases the power input N6
exceeds the power dissipation. This {s due mainly to the work required to
overcome motion resistance as defined by equation (2-5), and in the case of
the wheeled vehlicles, additional work done when the wheel input tyirques are
fncreased by tyre contact point movement, as defined by equatirs (4-3).

The latber assumption was applied to the wheeled vehicles oray, and is the
reason. for the difference {power input - power dissipated {4 sliding) being
greater in their case than for the tracked vehlcle,

Steering on Slopes

116, Skid steering caleulations were performed for the three vehicles
operating on a sloping plane as shown in Fig 21, Negligible forward speed
V was assumed, making the inertia force terms (equations 1-U and 1-5) zero,
longitudinal and lateral forces at the vehicle CG resulting from components
of the vehicle weight only (equations 1~10, 1~11 and 1-12).

17, Figure 19 shows a set of results obtained for TV1000 for a slope
angle (T3) of 389, for various heading angles (G8). For G8 below Y
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degrees and greater than 43 degrees, the procedures for finding A(J) and B
were not corivergent. The physical interpretation of this is that the
vehicle {s unable to generate skid steering forces which are in equilibrium
with the externally applied forces when attempting a steady turn outside of
these heading angle limitations. The heading angle limitations therefore
define part of an 'envelope' within which the vehicle {s able to steer by
skid steering, in accordance with all the assumptions made, Fig 22 shows
that for G8 = 22 degrees, A(2) makes a transition from negative to positive
values. This implies that the slip veloecity V2(2) ‘of the wheels on the
{nside of the turn makes a trangition from negative to positive values (3ee
equation 1-9), and for G8 = 22 to G8 = 43, both rows of wheels will ‘have
positive slip velocity, and hence generate positive propulsive forces.

118, By re-casting equation (1-6), it is possible to calcilate R2 and
hence R, for given S,

(R » SQR (R2 ¢+ 2 + (B* L(1) -~ C(3)) *+ 2))

for a steering ratio S of 3 (a typlecal 'first gear' value), calculated R
increased from 12.4 feet to 98.8 feet as G8 increased from 4 to U3 degrees,
indicating that a significant reduction in rate of turn can be. expected to
be associated with turns carried out at the higher limit of heading angle
G8, for a slope angle of 38 degrees.

119, Figure 20 summarizes the envelope within which sof ations to the
skid steering calculations were found to be possible for TV1000, for:
heading angles between 0 (parallel to slope) and 90 (straight up slépe).
The envelope Indicates that at high values of T3 and G8, both rows: of
wheels or 'tracks' must develop positive slip veloclities, or positive
propulsive forces, which Is consistent with overcoming the high

longitudinal force which results from operation at hlgh values of T3 and G8.

A suitable physical explanation for the overall shape of the envelope has
not been sought. It {s considered likely that the large 'no-go! or
‘no-steer' area between C8 = 55 and G8 = 90 results from the coulomb
friction assumption of equations (2-1) and (2-2), which fix the level of
the forces developed by sliding of the wheels, irrespective of the speed of
sliding. For G8 =~ 90, the greatest posalble slope angle was found to be
T3 = 13.5 degrees. At this point, the 'inner' 'track' was in negatlive
slip, or generating negative propulsive force. The 'outer' 'track' was
developing positive propulsive force to overcome that of the 'inner!
*track', together with the longltudinal component of vehlicle weight implied
by equation 1-12, This accounts for the smaller maximus -slope for G8 = 90
than for CG8 « 0,

120. Figures 22 and 23 show the envelope of skld steering solutions,
or 'slope steerabillity diagrams' calculated for TV1333 and TV6OOOTR. The
envelope shape for TV1333 {3 essentially similar to that of TV1000, except
that the 'no-steer' area at high heading angles is marginally smaller, and
the greatest possible slope for both G8 = 0 and G8 = 90 i{s higher. The
envelope shape for TV600OTR is signfficantly different at high values of G8§
to those of TV1333 and TV1000., For G3 = 90, the greatest possible slope
anglh with the Inslide track generating negative propulsive force was T3 =
14, Solutions were also found for G8 = 90 w{th the ‘inside' track
generating positive propulaive force at T3 = 27 and T3 « 28 {ndicating that
the tracked vehicle might be expected to operate without limit on slopes of
these angles., Calculation of the gnvelope, however, indicated a small
'no-go! area centred on G8 = 48, T3 = 28 which could theoretically impede
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operation over a small range of heading angles. The signlficance of the i
small 'no-steer' area, which appears in a similar position on the diagrams
for TViO00 and TV1333, has not been investigated further, ?

v

121, The ability of the tracked vehicle to operate at significantly
higher slope angles when facing stralght up the slope, compared with the
wheeled vehicles, is attributed to the vehicle suspension characteristics
and the interaction of the propulsive forces with the runnlng gear.

| ol |

122, The tracked vehlcle is mounted on a relatively large number of
road wheels, each of which is attached to a suspension which under statiec
conditions is required to provide a force of (vehicle mass normal to
ground)/(number of road wheels) or (W3/N). For large N, suspension forces A
are modest compared with vehicle mass. This results in relatively low %]
pitch stiffness, when compared with a vehicle of similar proportions
supported by fewer wheels. When facing up a steep slope, the vehicle will
'sit back' on the rearmost road wheels and tend to lift the front wheels é}
clear of the ground. If both tracks are generating posiblve propulsive

forces, the assoclated track tension will tend to raise the rear road

wheels, or reduce the load they carry. This will enhance the nose-up {}

By

tefdency and further concentrate the support of vehicle weight on fewer

road wheels. This-effectively 'shortens' the vehlcle without affecting

its width between tracks, or effectively reduces its L/C ratio, Thla ap
results in the vehicle being 'easler! to turn in that the moment generated 1;
by the tracks whén; slewing, which must be overcome by the moment generated

by the difference in track propulsive forces, {s reduced.

123. Table 2 shows the wheel loads W(I) calculated for the three i}‘
vehicles considered at the extreme 'top right hand corner' of their slope
steerablility envelopes. The whecled vehlcles show considerable transfer

%
of load .onto the rear wheels from the front wheels, but not a significant b
reduction in the proportlon of the total load carried at the extremities ":;
(front and rear) of the vehicles. The wheel loads caloulated for the N
tracked vehicle, however, .show the concentration of load onto the central i} =
road wheels which can be expectéd to {mprove the ability of the vehicle to

H

turn under these conditions, §
. f

i

TABLE 2 - WHEEL LOADS CALCULATED FOR TV1000, TV1333 AND TV60QOTR

—

AT EXTREMES OF SLOPE ANGLE (T3) HEADING ANGLE (GB) ENVELOPES 51;
1

TVio0d TVI133 TV6GOTA :
| - LA L oinls 13 €A Ay |an s 11 ed | oay a2 B '
‘ 33 W3] 36 LE) DN A 90 | 13.01 | 0.12 fn.ga fi

RV YETTE I R TY YN LM KDY Wbkl | LUAD W(1) | WHERL | LORB W{I? | WheRl LOAT W(1) | WHEEL ~ | LOAD N[t tt
{19} n (319 t {16} m {iv} L LY {tn $1)
2513.9 ] Y0 1 21822 5 1375.6 1 21,6 1 0.0 ti Py
" ab 5 63¢6.8 2 k78,0 & | o 2 2031.6 8 12,5
10u59,0 6 g02.8 s | ese0.8 1| e H 8625 | 9 2973, ‘} .
3 8838 8 104,38 a4 4692.7 19 5893.6
. 75235 1 §634.5 »
& 1163.8 2 agen.2 { l

TRACK TENSIONS:
(STER frsis:g = 16382.8 (1b)
srn (Faeer) « T081.3 (10
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CONCLUSIONS

124, In common with the predictions of Ref A and Ref B the results of
the numerical caloulations indicate that wheeled vehicles require a
significantly higher level of steering ratlo or "track speed difference" to
achleve a glven radius of turn than an "equivalent" tracked vehicle, This
results in a higher power requirement, generally, for skid steering of
wheeled vehicles than tracked vehiecles.

125, The relatlionship between steering ratio and radius of turn
predicted for each vehicle under conditions of stéady turning at high
speeds suggest unstable steering characteristics, but this occurs undar
conditions where the predicted power requirements exceed the likely power
output of the vehlele power plants., Given the assumptions of the
numerical calculations, therefore which i{nclude relatively high values of
friction coefficlent for ground/vehicle frictional forces, each vehicle
would be expected to steer In a stable fashion when performing steady
(conatant speed and radius) turns.

126. The range of alope angles and slope heading angles over which the
numerical calculations predict that skid steering ls possible was similar
for tho two wheeled vehicles considered. The limiting slope angle for
heading straight up the slope was significantly lowaer than for heading
parallel with the slope. This, and the general shape of the envelope of
slope and heading angles calculated, suggests that the ability of the
wheeled vehicles to asteer up slopes might be signiflicantly reduced when the
heading anglo oxceeds 50-55 degrees. Thls agrees with practical
experience reported in Rof D and other documents, in relation to TV1000,
but it must be remembered that the practical results were obtained with the
vahicle on soft ground.

127. For the tracked vehicle, the limiting slope angle for heading
straight up the slope was significantly higher than for the wheeled
vehicles. The envelope of slope and heading angle calculated for the
tracked vehicle included a discontinuity at slope angles below the limiting
slope angle, This {s attributed to the nature of the vehicle/ground
friction assumption, which requires frictional forces to be developed
frrespective of the speed of the tracks over the ground. It Is concluded
that the tracked vehlcle can be expected to steer over a wider range of
slope and slope heading angles than the wheeled vehicles. The higher
limiting slope angle when heading straight up the slope for the tracked
vehicle 13 attributed to the inherent ability of the suspenaion and running
gear to modify the road wheel load distribution in a way which favoura skid
steering.

128, Experimental data, {ncluding wheel torque Inputs, -exist for
TV1000 performing turns on hard ground at fairly low speeds (Ref D). The
results of the numerical calculations performed for TV1000 under equivalent
conditions are in good agreement with the measurements at small radil of
turn, but at larger radii, the calculated wheel torque imput levels are too
high. This is attributed to lack of suitable consideration of tyre
flexibility within the numerical calculations.
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RECOMMENDATIONS

129. Using the method of analysis developed in this document, it would
be nossible to obtain an indication of the effects of various changes in
vehicle design upon the steering performance of wheeled and tracked skid
steered vehicles on smooth hard ground. Under certain conditions, the
method of analysis {s subject to errors, but the results obtained can be
used as comparative rather than absolute Indications of steering
performance, Should such additional information be required, the following
features are recommended for investigation of their potential for
improvement of skid steering performance of wheeled vehlcles:

a. Radfus arms (attaching wheels to chassis) which enclose
driveline components with an output/input speed ratio of
leass than 1,

b, Irregular longlitudinal spacing of wheel pairs, and variation
in the proportion of vehicle weight carried by each wheel,
the latter being introduced by delliberate varifation of the
force/deflection relationship of each wheel suspension.

¢. Variation of the vehicle CG position.

130. The method developed for analysis of skid zteering performance of
wheeled vehicles on smooth hard ground does not adequately allow for the
effucts of tyre flexibility, and this leads to lnaccurate results at large
turn radii. Inclusion of tyre flexibllity effects in the hard ground skid
steering performance analysis {3 likely to be of less {nterest to Usera
than preparation of a soft ground skid steering analyais. Analysis of skid
steering of wheeled vehicles on soft ground {s considéred unlikely to
require inclusion of tyre flexibility effects, but would need to be
accompanied by & tracked vehicle soft ground skid steering analysls, in
order to compare wheeled and tracked vehicles,

131, If further development of skid steering analysls {s desirable,
the following topics are recommended for consideration, in the order of
priority shown:

a, Wheeled vehicle akid steering on soft ground.

b. Tracked vehicle skid steering on soft ground.

¢, Inclusfon of tyre flexibllity effects {n the analysis of
wheeled vehlcle skid steering on ground.

132, Each of these topics could be expected to require significantly
more resources to implement them than was required to complete the work
reported fn this document., Expenditure of such effort should be preceded
by a survey of similar work which other agencies may be undertaking.

List of Annexes:

A. Evalunation of Partial Derivative Terms Required to Define
Estimates of ICR Coordinates

B. Use of Data Fitting Procedure for Calcuiation of Suspension
Forces and Suspenslion Spring Rates
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Evaluation of Partial Derivative Terms required to Refire
Estimites of Vehlcle Hull Altitude
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ANNEX A TO
EDE_38/81

EVALUATION OF PARTIAL DERIVATIVE TERMS REQUIRED TO REFINE

ESTIMATES OF ICR COORDINATES

1. By inspectfion of equations (2-10), (2~11¢, (2-12):
P2 . aM(1) - c(1)* 3F(1) ~ (A1)
9A(1) 9A(1) (1)
P2 « M(2) . C(2)* 3F(2) - (A2)
3A(2) A(2) 9A(2)
P2 . M) . 3M(2) - C(1)* 3F(1) - C(2)* 3BF(2) =~ (A3)
9B dB oB 9B hi)
G2 « OF(1) = (Al)
A(1) A(T) '
362 . 29F(2) - (45)
IN(2) 9A(2)
362 « OF(1) 4+ 9F(2) - (A6)
9B 9B 9B
IR2 - OP(1) = (A7)
3A(1) (1)
3R2 . 3P(2) ~ (A8)
A(2) 9A(2)
32 . (1)  3P(2) - (49)
3B 9B B
2, In order to evaluate the right hand sides of equations A1 thru
A9, expressions are required for:
M2y, OF(J), 2aP(J), 3M(J), OF(J), ar(J) (Jg=1,2)
dA(J)  0A(J) AA(J) 9B 9B 9B
From (8):
N
2 4 -
MJ) -« M9 ] LIK)* w(I)* 3 (Sin (1)) - (A10)
9A(J K=l oA(Jd
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A-2 ANNEX A

From (6):
N
2
IF(J) = M8} W(I)* 3 (Cos o(I)) - (A11)
() K =1 A (d)
From (7):
N
2
3P(J) = ~M9 ) WI)* 3 (Sin o(1)) - (A12)
3A{J) K=t A(J)
From (8):
N
2
MJ) = MY ] LK)* W(I)* 3 (Sin o(I)) - (A13)
3B K= 3B
From (6):
N
2
F(J) = M8 ) W(I)* 3 (Cos 0(I)) = (A1)
3B K= 1 3B
From (7):
N
2
P(J) = -M9 ] WI)* 3 (sin (1)) - (A15)
B K= 3B

These ¢quations are derived by supposing that of the terms
included in (2-6), (2-7), (2-8) only Sin ©(I) and Cos ©(I) (I = 1, N) are
functions of A(1), A(2) and B.

3. Expressions for 3 (Sin o(I)), 9 (Cos 0(I)), 3_ (Sin 0 (I))
9A(J) 9A(J) 9B
and 3_ {Cos 0(1)) may be found by differentiating (2-3) and (2-4):
2B

-!/‘2
3 (Sin 0(1))==A(J)¥(L(1))**(L(K)=B¥L{1))*((L(X)~B*L(1))?*+(A(J)*L(1))?)
9A(J)

- (A16)
o |

) (Cos 0(I)) = L{1)* ((L(K) - B¥ L(1))* + (A(J)* L(1))?)
9A(J) .

/s

=(A(J))2% (L(1))*¢ ((L(K) - B* L(1))? + (A(D)¥ L(1))%)
~(A17)
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A-3 ANNEX A

"y
3 (Sin 8(I) = LO1)M(L(K)-BAL(1)) P*((LIK)=BAL(1 )2+ (ALY

aB
!

~L{1)% ((L(K) = BX L(1))2 + (A(J)* L(1))’)-
~ (A18)

..3/
3 (Cos O(I))==A(J)*(L(1))2*(L(K)~B*L(1))*((L(K)-B*L{1))2+(A(J)*L(1))?) ’

3B
- (A19)

Note that (Cos 0(I)) = -3 (8in o(1))
FII0N
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B~1 ANNEX B TO
EDE 33/5"

USE OF DATA FITTING PROCEDURE FOR CALCULATION OF SUSPENSION

FORCES AND SUSPENSION SPRING RATES

1. If the force/deflection characteristic of a suspension can be
accurately represented by a serles of straight lines, little problem should
be experienced in writing a subroutine for a computer program which gives
suspension force Wi(I) and suspension rate 3W1(I) for given DY(I).

DU(1)

2. This procedure may also be acceptable where the straight lines
are a reasonable approximation to the smooth curve that some suspensions
may exhibit., If greater accuracy is desired, a curve can be fitted to
data selected from the suapension c¢haracteristic.

3. A ‘cublc spline! data fitting routine supplied with volume 2 of
the Maths Manual "Plot 50", supplied in support of the Tektronix 4054
computer was used for calculation of suspension forces generated by non
linear suspensions, (N1 + 1) palrs of data polnts (Wi(M), D5(M),

M=1 to (NI + 1)) are used to generate & Nt x Y4 array of coefficlents C3
(J, K) (U =1 toNl, K=1 to}§), Then for D5(J) S DY(I) S D5 (J + 1).

WI(I) » C3 (J,1) + €3 (J,2)* *DU(I) - D5(J)) + C3 (J,3)* (DU(I) - D5(J))?
+ €3 (J,8)% (Di(1) - D5(J))°

IWI(X) = €3 (J,2) + 2% C3 (J,3)* (DU(I) - D5(J))

adi(I)  + 3% C3 (J,u)* (DU(T) - (D5(J))? (I =1 toN)




S c-1 ANNEX C TO
: EDE 36764

| EVALUATION OF PARTIAL DERIVATIVE TERMS

REQUIRED TO REFINE ESTIMATES OF VEHICLE HULL ATTITUDE

1. It has been shown in part 4 that W(I) = WI{I) + W2{I) (I = 1 to
N) and stated that during computation of W(I) by the method given in
section 3, W2(l) remain constant. Hence from equations (3-3), (3-4),

| (3-5)
'* s
! z
{ M(J) = (24 - 3)* BNIL(I)* (C(1) - c(2)) - (c-1)
) 206 K=1 300
N :
! l 2 ' 2
M(J) = ] ANI(K)* + BWI (N/2 + K) |.* L(K) - (C-2) :
abd K= 1 |[3D@ :
[ +
5
' M(J) = (20 = 3)* ] W (1) (C(1) - C(2)) - (C~3)
] 19 K= 1 379
: N
I 2
- Mg =] IWI(K)* + 3W1 (N/2 + K) | * L(K) - (c-4)
. 319 K=1 |379 0@
N
2
r M(J) = (20 - 3)* ] WL(T)¥ (C(1) = C(2)) - (C-5)
: 3G9 K= 1 969
. N
§ 2
i M3 -] AWI(K)* + BWL (N/2 + K)] * L(K) - (C-6)
A 269 K=1 [3G9 369
i 2. Using equation (3-1) to evaluate 3DU(I) aD4(I) aDU(I)
a0, 919 , 3G9
i AWI(I) =~ BWI(I) * 3DU(I) b
abg aDy(I)  aDg :
3‘ « WD)
. D(T)
af =« 3 (s {p¥(1n))) - (C~7) :
i aou (1) :
1

| R
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3G9
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2
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K =1

N
2
)
K

N
2
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Eald .

3 (S (ph(1)}) ® L(K) * Cos (T9)

c-2
Wi{I) = AWI(I) * QDU(I)
aT9 api (1) 3T9
3D4(I)
IWI(Y) » WI(I) * 3DU(I)
9G9 aDL(I) 3G9

Substituting (C-7) thru (C-9) in (C-1) thru (C-6):

N
2
M(J) = (2d - 3)* §
F R K

9 (S {DU(I)}) ®* C(J) * Cos (G9)
aD (1)

3 (S (D * (c(1) =~ c(2))

= 1 aDh(1)

3(S {Du(K)}) + 3(S {pu(N/2 + K)) | * L(K)

DY (K)

-4

2
MJ) = (20 =~ 3"}
K

3(S [DU(K))) + a(S [DU(N/2 + K)}

aD4 (N/72 + K)

A

ANNEX C

- (c-8)

- (€-9)

- (c-10)

- (C-11)

3 (S {Du(I)]) * (C(1) = C(2))* L(K)* Cos (T9)

= 1 3DY(I)

-1 [aou(x)

N
2

M(J) = (20 - ) )
9 K

3(S [Dy(K)}) + a(s _(Du(N/2 + K)}

aDy (N/2 + K)

- (C~12)

* L(K)* ¥ Cos (T9)

- (C-13)

3 (S {DI(I)}) * (C(1) ~ C(2))* L(K)* Cos (G9)

= 1 9Du(I)

ol
K = 1| aDi(K)

oD (N/2 + K)

- (C~14)

* L(K)¥* C(J)* Cos (G9)

- (C~15)

Equations (C-10) thru (C~15) provide values for all partial derivative
terms contained in equatfons (3-6), (3-7), (3-8).
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D=k ANNEX D
FIG 4 - VELOCITIES OF TRACKS RELATIVE TO HULL AND GROUND
(Inner Track Moving Rearwards Relative to Hull)
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Dimension ——s

Velocity —Pp

Notes: For J = 1 {Outer), 2 {Inner), A1l Velocities are Resolved Parallel to
Vehicle Centre Line
V@ = Velocity of Hull at Centre Line
Vngg = Velocity of Tracks Relative to Hull
v2(d) = Velocity of Tracks Relative to Ground (Slip Velocity)
V3(J) = Velocity of Hull at Track Attachment Points
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FIG 5 - VELOCITIES OF TRACKS RELATIVE TO HULL AND GROUND
(Inner Track Moving Forwards Relative to Hull)
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F16 10 - OVERALL METHOD OF COMPUTATION

INPUT V, R
AND ESTIMATED

B
SET FORCES

-0
CALCULATE

INERTIA FORCES |«
ACTING AT C of G

!

CALCULATE

WHEEL LOADS
(1) (I=I, W)

(PART 3 OF REPORT)

!

ANNEX D

CALCULATE ICR OBTAIN NEW
POSITIONS (A(1), B) ESTIMATE OF
HENCE FORCES B BASED ON
F1{I) and P1(I) REDUCTION OF ERROR

(PART 2 OF REPORT) IN SUCCESSIVE

? CALCULATIONS OF B

CALCULATE wW2(I)
FROM F1(I}

ARE IS
NEW W2(1) CALCULATED
IN CLOSE AGREE- B IN CLOSE NO

MENT WITH PREVIOUSLY
CALCULATED OR
ESTIMATED
VALUES?

AGREEMENT WITH
ESTIMATED B

PRINT
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16. Abstréct/Su&gg;?“ﬁExisting theoretical procedures for analysis of skid

| steering of whesisd and. tracked vahiclas have been extended to consider the

interaction of forces genorated for skid steering with e vesiital 1oads
carried at each wheel of the vehicle.

The developed theory has been organized into a system for numerical
calculations of skid steering performance, which has been used to compare the
predicted skid steering performance of a 6 x 6 wheeled vehicle, a 8 x 8 wheeled
vehicle and s tracked vehicle with 12 road wheels.

speed' difference and power input to maintain a steady turn than the tracked
vehicle, and that the tracked vehicle can be expected to maintain its ability
to steer over a wider range of slope angles and slope heading angles, than the
wheeled vehicles. The 8 x 8 wheeled vehicle consideréd did not appear to
offer any significant advantage, in terms of steering performance, gver the

6 x 6 vehicle,

The rosults of the slope steerability calculationg and, in the case
of the 6 x 6 vehicle, comparison of calculated results with experimental data,
indicated limitations to the developed theory which require further work to
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The results indicated that the wheeled vehicles require greater ‘track |
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